The influence of co-substrates on kinetics of methane production in anaerobic fermentation of pig slurry was studied by performing a series of laboratory experiments using food waste and biowaste as co-substrates. Experiments were performed in the laboratory reactors of «Hohenheim» biogas testing system in batch mode at the temperature of 37ºC. Given 40 g of fresh pig slurry was fed to each digester and mixed with co-substrates in the ration of 55:45% by organic dry matter content. Methane production rate was used to evaluate co-digestion of pig slurry. Research results showed that co-substrates gave significant effect to methane production kinetics. The kinetic parameters of methane production i.e. potential yield of methane (P), maximum methane yield rate (R m ) and duration of lag-phase (λ) were analyzed using modified Gompertz equation. Technical time to produce 95% of potential methane yield was investigated and efficient period of anaerobic digestion was calculated. The potential production of methane was reached in lag-phase duration (λ) of 10-13 days. Maximal methane production rate was reduced 2-3 times in co-digestion than in mono-digestion of pig slurry. The potential yield of methane (P) was 0. (kg оDM) -1 in mono-digestion and co-digestion of pig slurry with food waste and biowaste, respectively.
Introduction
Anaerobic digestion (AD) is one of the most effective and alternative methods of organic wastes treatment from agriculture and food industry that was used for many years result in improvement of waste stabilization, pollution control, manure quality producing fertilizer and biogas production (Weiland, 2006) . Martins das Neves et al. (2009) pointed biogas as a renewable energy source produced by a large number of anaerobic microorganisms consortia and AD process is characterized by a series of biochemical transformations (Fantozzi & Buratti, 2009) . Four groups of microorganisms take place in methane fermentation creating syntrophic interrelation and requiring different environmental conditions in separate phases of anaerobic digestion indicated as hydrolysis, acidogenesis, acetogenesis and methanogenesis (Deublein & Steinhauser, 2008; Weiland, 2010) . Anaerobic microorganisms affect to specific components of the substrate selectively performing their transformation only under certain conditions during interconnected in series and parallel biochemical reactions (Gerber & Span, 2008; Liu et al., 2009 ). The final product of an anaerobic fermentation is biogas that is mainly composed of 48-65% methane and 36-41% carbon dioxide, and methane is physically characterized as taste-, color-, odorless and inflammable gas that has heat value of 35.800 kJ m -3 (Martins das Neves et al., 2009) .
A balanced anaerobic digestion of biomass is affected by the types of substrates and the ratio of nutrients C:N:P. In generally, all types of biomass can be used as substrates since they contain carbohydrates, proteins, fats, cellulose and hemicelluloses (Deublein & Steinhauser, 2008; Weiland, 2010; Ward et. al., 2008) . Furthermore, co-substrates content has a significant impact for the methane formation. Intermediate degradation products of anaerobic digestion can restrict and inhibit degradation depending on the composition of the substrates. For example, the degradation of fats may lead to an increase of fatty acids limiting further degradation. Methane fermentation can be limited by formation of ammonia and hydrogen sulfide in the protein decomposition (Deublein & Steinhauser, 2008) . Weiland (2006) noted that the mono-fermentation of manure resulted in relatively low biogas yields, but it has one reliable advantage of process stability due to its high buffering capacity and its high content of trace elements (Weiland, 2006) . Therefore, most of researchers interested in co-fermentation of manure together with non-agricultural organic wastes, harvesting residues, energy crop, food industry wastes, biowastes in order to increase biogas yield (Liu et al., 2009; Ward et. al., 2008; Alatriste-Mondragon et. al., 2006; Labatut & Scott, 2008; Korazbekova et. al., 2012) . Numerous models were developed that take into account the biological and physico-chemical basis of anaerobic fermentation and the growth kinetics of methanogenic microorganisms to evaluate overall performance of anaerobic digestion (Lay et. al., 1998; Koppar & Pullammanappallil, 2008; Lo et. al., 2010) . The kinetic parameters of methane production facilitate the understanding of the methanogenesis process and optimization of biogas plants.
Influence of co-substrate such as biowaste and food waste on the decomposition of pig slurry in terms of the kinetics of methane production was studied in order to evaluate co-digestion of pig slurry and to describe anaerobic digestion defined as methanogens growth rate.
Materials and Methods

Substrates and Sample Preparation
Potential methane yield from mono-digestion and co-digestion of liquid manure from pigs (pig slurry) was studied in combination with food waste and biowaste. Samples of pig slurry were taken from the farm of the University of Hohenheim. Food waste (leftovers) was provided by the university canteen; biowaste was obtained from the laboratory of the university, which was mixture of different wastes (vegetable waste, food waste, paper waste, etc) taken from landfill previously separated from undecomposable parts (metal, stone, plastic). All substrates as fresh material (FM) have been examined in triplicate for dry matter (DM), organic dry matter (oDM), ash and moisture content, because, they are main parameters for the evaluation of methane yield and degree of organic substances decomposition. These indicators were analyzed according to APHA (1995) by drying at the 105ºC for 12 h and burning at the 505ºC for at least 6 h in oven. The results of DM, oDM, ash and moisture content definitions of tested substrates are shown in Table 1 . Biowaste was used as dry solid substrate that had the average content of DM 89.9±0.05%. The content of DM in the food waste was 18.9±0.15%, while the moisture content was 81.06%. The highest content of oDM in DM was recorded in the substrates of food wastes. Mineral content (ash) was less than 2% in pig slurry and food waste, but biowaste has 15.16±0.390% of mineral content.
Pig manure (sample 1) was used in the amount of about 40 mL of the substrate for mono-fermentation, and 30 mL of the substrate for co-fermentation of pig manure (samples 2 and 3) with other wastes. Ratio of tested substrates in a mixture was 55:45 by content of oDM. The complete characterization of samples is shown in Table 2 . 
Experimental Set-Up
Laboratory experiments were carried out at the 37ºC in «Hohenheim» biogas yield testing system in the biogas laboratory of the University of Hohenheim, Germany. This biogas yield testing system consists of fermenters in the form of glass syringes (flasks for sampling) of 100 mL with 1/1 gradation and capillary extension (Figure 1 ), fermentation chamber -incubator ( Figure 2 ) and gas transducer (Helffrich & Oechsner, 2003; Ohl, 2011) . Figure 1 . Laboratory mini-reactor of «Hohenheim» biogas yield testing system (Helffrich & Oechsner, 2003) (1) Glass syringe, (2) Stopper, (3) Substrate, (4) Hole for gas analysis, (5) Clamp for the tube, (6) Graduations, (7) Gas space, (8) Grease Figure 2 . Schematic incubator of «Hohenheim» biogas yield testing system (Ohl, 2011) The methane content was measured by AGM 10 gas transducer (transducers of Europe GmbH, Germany) with a non-dispersive infrared (NDIR) detector capable of detecting methane content of the biogas in the range from 0 to 100%. Gas sensor was calibrated by the standard gas, containing 60.7% (v) methane. Incubator temperature, air pressure, date and time at which the measurements were made, were also recorded for analysis of biogas content at the standard conditions (273 K and 101325 Pa) determined in accordance with Ludington (2006) .
Data Analysis
Methane production kinetics was studied for the description and evaluation of methanogenesis during anaerobic digestion of pig slurry by fitting the experimental data of cumulative methane production to the Gompertz equation that was used by Lay et al. (1998) , Koppar & Pullammanappallil (2008) , Lo et al. (2010) , Budiyono et al. (2010) , Xie (2012) and Korazbekova et al. (2013) . Data analyses of the experimental results and calculations were performed in MS-Excel using the 'Solver' feature by non-linear regression. Lay et al. (1998) and Koppar & Pullammanappallil (2008) mentioned that this equation is suitable for description of the total methane production in batch reactors assuming that methane production is a function of methanogenic bacteria growth. The modified Gompertz equation is presented below:
where, M is the cumulative methane production (Nm 3 (kg oDM) -1 ), P is the methane production potential (Nm 3 (kg oDM) -1 ), R m is the maximum methane production rate (Nm 3 (kg oDM) -1 day -1 ), λ is the duration of lag phase (days), t is the cumulative time for methane production (days). Also, the values of the parameters that minimize the sum of squared deviations between the necessary and the experimental data were determined.
Results
Methane Production Rate
Specific cumulative methane yield per kg of oDM in the normal condition (273 K and 1013.25 Pa) was obtained and calculated according to the results of "Hohenheim" biogas yield testing system to evaluate methane yield potential of pig slurry in terms of methane production kinetics. Anaerobic fermentation lasted 35 days at the temperature of 37ºC in batch mode reactors. Cumulative methane production was calculated by summing daily methane yield.
From Figure 3 can been seen similar variation of methane production rate for all three samples. (kg oDM) -1 for sample 2 and 0.044 Nm 3 (kg oDM) -1 for sample 3. After 30 days the daily methane production was dropped sharply to 0.02 Nm 3 (kg oDM) -1 and followed by rapid growth in the sample 1. In all experimental curves of three samples was shown a rapid initial methane yield due to readily biodegradability of the substrates, it was followed by continuous increasing of methane generation until achieving the peak and then began to decline as also was presented in the research of Li et al. (2011) . The maximum daily production of methane was observed in 20-25 days after the start of anaerobic fermentation for all experiments with liquid pig manure. Mono-fermentation of liquid pig manure (sample 1) showed a higher methane yield (specific methane yield was 0. Figure 4 and Table 3 low initial methane percentage associated with the biochemical transformation of organic matter in anaerobic digestion. In the second stage of anaerobic digestion (acidogenesis) 70% of low molecular weight compounds, such as simple sugars, amino acids and fatty acids was decomposed to acetate, carbon dioxide and hydrogen, and the remaining 30% to volatile fatty acids (VFA) and alcohols (Li et al., 2011; Seadi et al., 2008) . In addition, the regeneration time of acidogenic bacteria (Bacterioids, Clostridia) is 24-36 h (Deublein & Steinhauser, 2008) . 
Kinetic Parameters of Methane Production
Results of the analysis of the kinetic parameters P, R m and λ are shown in Table 4 day -1 , respectively for sample 2 and 3. It was 4.4 times lower than in mono-digestion of pig slurry (sample 1). Minimum time for methane formation was indicated as 12.40±0.85 days in sample 2 and 10.43±1.03 days in sample 3. For the sample 2 need more 90 days to achieve 95 % of the potential methane production, and the calculated effective period value was 78.75 days for sample 2. Duration for 95% of the potential methane yield was 67.25 days (SD=5.19 days), and the effective period of the production of methane was calculated as 56.82 days in co-digestion of the pig slurry with biowaste (sample 3).
Comparing the experimental and simulated cumulative graphs of methane production based on the Gompertz equation, there are can be seen the roughness in the production of methane, especially in the graphs of experimental data for sample 3. It is found sharp bends during fermentation associated with the chemical composition of co-substrates ( Figure 5 ). 
Discussion
Samples with a mixture of food waste and biowaste have uneven methane production, due to rapidly degradable organic substances content, which leaded to increased ammonia content causing inhibition of digestion.
According to the models based on the calculated data of the kinetic model of Gompertz equation, asymptotic approximation of the cumulative methane production can not be observed. Therefore, anaerobic digestion process was modeled on the basis of the kinetic parameters. So the duration of the fermentation was not enough for all samples in 35 days, it means neediness in renew it. Anaerobic digestion of substrates depends on the structure of its components. Sugars and starches are broken down very quickly having a simple structure and requiring only a short residence time. Depending on structure complexity of the substrate, the degradation time is degrading longer. Cellulose and hemicelluloses are well structured and decomposed slowly. Lignin is decomposed very badly by bacteria, because it shows strength even to acids (Deublein & Steinhauser, 2008) . Biowaste contains vegetable waste, food waste, paper and other wastes (Deublein & Steinhauser, 2008) which consist of easily and hardly decomposable organic compounds with up to 84% of oDM. And the food waste has more easily decomposable substances (sucrose, fructose, fatty acids, etc.). In the first phases of methane generation of hydrolysis and acidogenesis, readily degradable substances are quickly converted to the monomers, therefore the overall acid content in the medium is increased, and thereby pH is decreased. pH reduction leads to the acidaccumulation result in inhibition of methanogenesis, since easily digestible compounds of organic matter is hydrolyzed and quickly transformed into fatty acids and it will be stabilized by the VFAs consumption result in methane generation (Li et al., 2011) . Generally the methane formation occurs in a relatively narrow range of pH from about 6.5 -8.5 with an optimal range between 7.0 and 8.0 as noted by Weiland (2010) and Ahn et al. (2010) . Methane production during co-digestion of pig slurry with food waste (leftovers) and biowaste was lower than in mono-digestion due to the rapid hydrolysis and acidogenesis and composition of co-substrates. Initiation of methanogenesis is inhibited and required further digestion of these substrates longer than 35 days as a result of the acid accumulation.
Duration of fermentation is one of the key indicators for evaluation of the performance of anaerobic digestion because it describes the biodegradability and the treatment rate of the substrate (Xie, 2012) . Since the cumulative methane production curve only asymptotically approaches methane yield the reactor will take infinite time to produce 100% of methane potential (Koppar & Pullammanappallil, 2008) . Therefore, the 95% value was arbitrarily chosen as technical digestion time (T95). The technical digestion time described with T95 is defined as the time needed to produce 95% of the maximum methane production. And Xie (2012) reported that after subtracting the lag time (λ) from T95, the effective methane production period can be determined. Accordingly the Gompertz equation the calculated effective duration of methane production was 78.75 and 56.82 days, respectively, for samples 2 and 3. These values indicated that the co-fermentation of the pig slurry is longer by 30.54 and 8.61 days than mono-digestion of the pig slurry. According to the other researchers, performance of anaerobic mono-digestion and co-digestion of the pig slurry with different food waste, potato processing waste, slaughterhouse wastewater and energy plants are indicated 0.022-0.420 Nm 3 (kg oDM) -1 at mesophilic operation (Hansen et al., 1998; Amon et al., 2006; Monou et al., 2008; Ferrer et al., 2008) . Vol. 9, No. 6; 2015 It can be concluded in accordance with the research results, the following kinetic parameters of the Gompertz equation for mono-fermentation of the pig slurry were obtained: 0. In general, studies showed that the kinetics of methane production depends on the biochemical transformations in the anaerobic fermentation of biomass.
